Introduction
Extended X-ray absorption fine structure (EXAFS) spectroscopy is a powerful technique for the determination of the structure of solids, but application to metal carbonyls and other compounds incorporating linear arrays of atoms is restricted by the difficulty of accounting for the multiple scattering effects. Here, we demonstrate the use of EXAFS for structural characterization of metal carbonyls, taking advantage of experimental reference compounds to amount for the multiple scattering effects.
The crystal structure of H3Re3(CO)12 has not been reported; attempts to grow crystals suitable for structural analysis by X-ray diffraction (XRD) have been unsuccessfu1.l A full structural analysis of [H,Re,(CO) ,,]is also lacking; only the Re-Re distances are known. ' We have characterized these clusters structurally by EXAFS spectroscopy.
EXAFS measurements were performed on the Re LIII edge, providing information about the coordination environment of the Re atoms in the clusters. EXAFS analysis of compounds such as metal carbonyls, in which the metal is in an almost linear array with the C and 0 atoms of the carbonyl ligands, presents difficulties because the multiple scattering effect is p r~m i n e n t .~ The analysis calls for a reference (theoretical or experimental) taking account of the multiple scattering, and the methods are illustrated Eindhoven University of Technology. t University of Delaware. by the use of experimental references to analyze the EXAFS spectra characterizing alumina-supported crystallites of Rh with chemisorbed C04v5 and alumina-supported triosmium carbonyl clusters! The Os-CO contribution from O S~( C O )~~ in a physical mixture serves very well as a reference, being preferable to theoretical references because the values of the coordination parameters determined with the Os-CO reference are physically more real is ti^.^*^ In the present research, we have used the 0s-C and Os-O* (0* refers to the carbonyl oxygen) shells from O S~( C O )~~ as a reference for the Re-C and R 4 * contributions, since no structurally well-defined Re carbonyl compound was available having approximately the same geometry as the com- plexes to be analyzed. The use of an Os reference for the analysis of Re data has been justified both theoretically and experimen-taIly.6,10J1
The detailed structural characterization with EXAFS affords a comparison of the structures of H3Re3(C0)12 and [H2Re3(C-0)12]-with that of [HRe3(C0)12]2-, for which an XRD structure has been determined.12 The results demonstrate the trends associated with the changing negative charge in the series of clusters.
Experimental Section
H3Re3 ( mixed with inert BN and pressed into a thin self-supporting wafer having optimal X-ray absorbance. Each sample was mounted in a controlled-atmosphere EXAFS cell and characterized in helium at liquid-nitrogen temperature at the Re LIll edge (10 535 eV). The measurements were performed on X-ray beam line X-1 1 (equipped with a Si( 11 1) monochromator, estimated resolution 3 eV) at the Brookhaven National Synchrotron Light Source with a ring energy of 2.48 GeV and a ring current between 40 and 120 mA. The monochromator was detuned to 20% of the primary intensity, in order to reduce the higher harmonics content of the incoming X-ray beam.
As experimental references for the EXAFS data analysis, O S~( C O )~~ (Strem; in a physical mixture with S O 2 ) and Re metal powder14 (Aesar; 99.999% pure) were chosen for the Re-CO and Re-Re contributions, respectively. Also R e o 3 datals (Morton Thiokol) were used in the data analysis procedure. The data characterizing the Re powder and the Re carbonyl clusters were collected on X-ray beam line X-11 at Brookhaven. The data characterizing O S~( C O )~~ (LnI edge: 10871 eV) and Reo3 were measured on beam line 1-5 (equipped with a Si(220) monochromator, estimated resolution 3 eV) at the Stanford Synchrotron Radiation Laboratory with a ring energy of 3 GeV and a ring current between 40 and 80 mA. The gas fillings of the ionization chambers were chosen in such a way that they were made transparent for the higher harmonics in the incoming X-ray beam.
Since different experimental conditions were used for the carbonyl clusters and Re powder, and Os3(CO)1z and Reo3, it was possible that a different higher harmonics content for the two sets of measurements might influence the accuracy of the data analysis results. Afterward, we checked this for an O S~( C O )~~ sample measured both in Brookhaven and in Stanford. No serious differences were observed between the two spectra. Small differences (less than 10% in amplitude) were present, but these could be entirely attributed to a small difference in sample temperature during the measurement (the sample was cooled with liquid nitrogen in different types of dewars). The structural data for Re metal, Reo3, and O S~( C O ) ,~ are given in Table I .
Data Analysis and Results
1. Data Reduction. The EXAFS data were obtained from the X-ray absorption spectrum by a cubic spline background subtraction,16 followed by division by the edge height.17
The H3Re3(C0)12 data are of very good quality; but the
[(C~HS)~AS][H~R~~(CO)~~]
data contain an artifact at k > 10.3 A-1, and the data in this range were not used. The raw data characterizing the two samples are shown in Figure 1 , together with their k3-weighted Fourier transforms. The data characterizing the reference compounds are all of excellent quality; the raw EXAFS data are shown elsewhere.6J8 2. Reference Compounds. In the data analysis procedure, only experimentally determined phases and backscattering amplitudes were used. To obtain these, each particular contribution of interest in the EXAFS data characterizing a reference compound (with accurately known coordination number and coordination distance) had to be isolated from the other contributions; this was done by taking a k3-weighted Fourier transform (in which the peaks due to the different contributions are separated as well as possible) and then taking an inverse Fourier transform isolating the peak of interest. This straightforward procedure was used to determine a Re-Re reference from the first Re-Re shell in Re powder.14 Care was taken to select a good reference for the Re-CO contributions. Structural similarity between the compounds to be analyzed and the reference was a primary criterion. And since the multiple scattering effect in the R e O * shell is crucial: it was deemed essential to fit with a R e 0 reference that exhibits multiple scattering. O S~( C O )~~ was found to be a good choice: its structure is accurately known,7 and although no hydrogen is incorporated in the cluster, its structure is otherwise very similar to that proposed for [HRe3(C0)12]2-;12 each has a triangular metal skeleton, the same number of C O ligands per metal atom, and the same ratio to be submitted for publication.
Van Zon et al. of axial to equatorial carbonyl ligands. The metal-carbon distances in the two compounds are similar, as are the carbon-oxygen distances. Os is adjacent to Re in the periodic table of the elements, and thus Os components can be used for the analysis of Re spectra, if small changes in Vo are allowed in the EXAFS data analysis procedure.6J0,11 In this case, however, a straightforward isolation of the Os-C and Os-O* contributions was not possible because the Os-O* contribution shows overlap with the Os-Os contribution in r space. This Os-Os contribution was first subtracted from the experimental results (as shown elsewhere6,18), leaving a spectrum in which the phase of the imaginary part of the Os-O* peak is shifted approximately 180' with respect to the Os-C peak as a consequence of the multiple scattering e f f e~t .~ As shown elsewhere,6J8 the Os-C and Os-O* peaks seem well separated after a k3-weighted Fourier transform, and therefore an inverse transform was applied to each in order to determine references for the Re-C and Re-O* contributions.
The first R e 4 shell in Reo3'' was used as a Re-0 reference. This reference was not used for fitting of the Re carbonyl spectra, but only to determine R e 4 phase-corrected Fourier transforms.
Data ranges used in the extraction of the references and important structural parameters characterizing the reference compounds are given in Table I. 3. Analysis of Data Characterizing H3Re3(C0)12 and [H2-Re3(C0) ,,]-. The data analysis was performed with phase-corrected Fourier transforms. The use of such transforms aids in the attribution of the peaks in r space to shells of the proper neighbor^.^^" For example, with a Re-Re phase correction, the imaginary part of the Re-Re contribution peaks positively, and with a Re-0 phase correction, the imaginary part of the Re-C contribution peaks positively, whereas that of the Re-O* contribution peaks negatively (as a consequence of the multiple scattering effect in the M-O* shell of metal carbonyls6).
Re-0 phase-corrected Fourier transforms of the data characterizing H3Re3(C0),2 and [(C6H5),As] [H2Re3(CO),,] are shown in Figure 2 . It is immediately clear that the two clusters are very much alike in structure, but some differences are apparent: in [H2Re3(CO),,]-the Re-C distance is less and the Re-O* distance is slightly greater than in H3Re3(C0),2. Both peaks are somewhat smaller in the [H2Re3(CO),,]-spectrum, and the small peak on the right-hand side of the Re-O* peak (partly due to the Re-Re contribution) is much smaller in the spectrum characterizing this cluster.
In further analysis of the EXAFS data, the difference file technique was First, a Re-C contribution was calculated that agreed as well as possible with the Re-C peak of the data (--) . in a Re-0 phase-corrected k3-weighted Fourier transform, with the Re-C coordination number held constant and equal to 4. This contribution was then subtracted from the data, and fitting was done to find coordination parameters for the combined Re-O* + Re-Re peak. As a first guess, a Re-O* contribution was calculated with coordination number (N), disorder (Ad), and inner potential correction (V,) equal to the values in the Re-C contribution and with a coordination distance that resulted in the best agreement with the imaginary part of the experimental peak in r space. Since as a first approximation no important differences are expected between the CO ligands in the Re and Os carbonyls, N, Au2, and Vo should be almost equal for the Re-C and Re-O* contributions. After subtraction of this first-guess Re-O* contribution, the best Re-Re parameters were determined. For the Re-Re contribution, the coordination number was held constant and equal to 2. Subsequently, all three contributions were added and compared with the data in k space and in r space after a k3-weighted Fourier transform. Usually, such a first cycle in the difference file technique does not yield the best agreement possible, and therefore the previously calculated Re-O* and Re-Re contributions were subtracted from the data, and better parameters were sought for the Re-C shell. This procedure was repeated for each of the contributions until a good overall agreement had been obtained. At this stage the only constraints were ( 1 ) that the coordination numbers of the Re-C, Re-0*, and Re-Re shells were fixed at 4, 4, and 2, respectively, and (2) that the inner potential corrections for the Re-C and Re-O* shells were kept equal. The subsequent steps in the difference file technique are shown in Figure 3 Re-0" final results are shown in Figure 4 . termined in the analysis are given in Table 11 .
Discussion
A triangular metal framework has been proposed for each of the clusters H3Re3(CO)12 and [H2Re3(C0)12]-:'s2 In the neutral cluster, each of the Re-Re bonds is bridged with a hydride ligand, and in the anionic cluster, two of the three Re-Re bonds are bridged with hydride ligands. The EXAFS results corroborate these models; a nearly linear Re-Re-Re skeleton can be ruled out because in r space no Re-Re peak is observed at -6.5 8, (data not shown). Such a peak should be prominent because the intermediate Re atom would cause multiple ~cattering.~ Models for H3Re3(C0)12 and [H2Re3(C0),2]-are shown in Figure 5 . The Re-Re distances determined for H3Re3(C0)12 and [H2-Re3(CO),,]-are typical of Re-Re bonds.Ig The mean Re-Re distance in H3Re3(C0)12 is greater than that in [H2Re3(C0)12]-, which is expected because in the neutral cluster all three Re-Re bonds have bridging hydride ligands, and these bridged Re-Re bonds are usually longer than nonbridged Re-Re bonds.I9 Also, the Debye-Waller term (an indication of the disorder in a coordination shell) is larger in the case of the [H2Re3(CO)12]-cluster. This result indicates a range of Re-Re distances rather than a single, well-defined one. However, there is some difference between the mean value for the Re-Re bond in [H2Re3(C0)12]determined by EXAFS (3.246 f 0.05 A) and that determined by XRD (3.13 f 0.02 A).2 Since from the cluster structure no other contributions are expected around R -3.2 A (the nearest contribution being an interaction between Re and C from the CO ligands on the other Re atoms at R -3.8 A), this discrepancy cannot be explained by interference with other contributions in the EXAFS spectrum. It must be kept in mind, however, that in calculating the mean bond length from XRD, all Re-Re bonds are weighted equally. (The bridged Re-Re bonds are 3.170 8, and 3.181 A, and the nonbridged Re-Re bond is 3.035 A.Z) In contrast, in determining the mean bond length by EXAFS, the bonds with the smallest Au2 are weighted more heavily. Thus, the larger value of the mean Re-Re bond length determined with EXAFS is consistent with the fact that the hydrogen-bridged Re-Re bonds have a smaller Debye-Waller factor (Le,, are less affected by lattice vibrations) than the nonbridged Re-Re bond.
A comparison of the Re-C and C-0 bond distances in the [H,Re3(C0),2]"3 ( x = 1-3) clusters obtained from EXAFS and XRD (Table 111) shows that as the cluster becomes more negatively charged, the Re-C distance decreases and the C-O distance increases. This trend can be explained by increased n-backbonding in the case of the more negatively charged clusters, because then the Re atoms can donate more electrons to the a*-orbitals of the CO ligands, thus increasing the Re-C bond (19) Ciani, G.; Sironi, A.; Albano, V. G. J. Urgunomer. Chem. 1977, 136,  339. J . Phys. Chem. 1989, 93, 2222-2230 strength and decreasing the C-0 bond strength.
The high quality of the EXAFS data obtained in this work allows more than a determination of differences in C-0 distance with respect to the reference compound; the data also provide information about the differences in the M-C-0 angles. As the enhancement of the M-O* contribution is a function of M-C-0 angle (the enhancement being stronger when the M-C-0 angle approaches 180°3), enlargement of the M-C-O angle with respect to the Os-C-0 angle in the reference compound O S~( C O ) ,~ is indicated in the EXAFS data analysis by a larger N and/or a smaller Ao2 for the M-O* contribution with respect to the M-C contribution. From theoretical calculations3 it may be concluded that in the case of low-Z scatterers like oxygen, a change in M-C-O angle may well be approximated by a change in A$ only.
For both the H3Re3(CO)12 and the [H2Re,(C0)12]-clusters, the Debye-Waller factors characterizing the Re-C and Re-O* shells do not differ beyond the accuracy of fO.OO1 AZ (Table 11 ).
This result implies that the mean Re-C-0 angle in these complexes is approximately equal to the Os-C-O angle in O S~( C O ) ,~, viz. 169'. In the XRD structure determination Gf [HRe3(C0),,]*a mean Re-C-0 angle of 1 6 9 O was found as well.lz Thus, we infer that there is only very little influence of the overall charge on the cluster (and thus the extent of s-back-bonding) on the Re-C-0 angle.
In summary, with the aid of good reference compounds, it is very possible to do a rather complete structure determination of a metal carbonyl with EXAFS. Special attention must be paid to the choice of references for the metal-carbonyl contributions because of the multiple scattering effect.
Introduction
Because of a low gyromagnetic ratio, low sensitivity, and meager isotopic abundance, nuclear magnetic resonance (NMR) based on the 29Si isotope, although available,' was not employed by preparative chemists for the characterization and analysis of silicon-containing molecules until after commercialization of the Fourier transform technique for NMR. Now however, 29Si NMR has become a standard tool for use in both inorganic and organic silicon chemistry. Moreover, few preparative chemists today still think of silicon as merely a misbehaving carbon analogue. Hence silicon chemistry is finally beginning to be treated as a field in its own right, so that its typical features, such as (1) the rarity of substituent numbers (Le., the number of nearest-neighbor bonded atoms) other than four in stable species and ( 2 ) the omnipresence of redistribution reactions involving the scission of any bond to silicon other than the Si-C bond, are now being exploited rather than studiously ignored. As a result, silicon chemistry is flourishing, and many new chemical structures of potential practical importance are being found (essentially all with tetracoordinate silicon). 'Chemistry Department, Dartmouth University, Hanover, N H 03755.
Concomitant with the evolution of experimental silicon chemistry, during the past 15 years there has been a rapid development of practical, nonempirical quantum-chemical techniques for computing molecular properties of interest to experimentalists. These include details of molecular geometry and those physical properties characterizable in terms of the overall electron distribution. Although the parameters that predicate NMR spectra have proven to be a challenge to compute, for both theoretical and computational reasons, advances in these areas now permit these parameters to be obtained to a useful level of accuracy by ab initio methods for several active nuclei.
The work reported here represents the initial application to the 29Si nucleus of an ab initio self-consistent field (SCF) method using "gauge-invariant" atomic orbitals2 (the GIAO method). This m e t h~d ,~,~ which has successfully been applied to a number of 
